The long-tailed weasel (Mustela frenata) has the largest distribution of any mustelid in the Western Hemisphere, yet little is known of its genetic history. As a result of its broad distribution, the species provides an excellent model for identifying potential barriers influencing general phylogeographic patterns shared across multiple taxa. Here we used mitochondrial DNA with phylogenetic, phylogeographic, and molecular dating techniques to investigate molecular and geographical structure, as well as demographic history of M. frenata. Samples encompass 38 of the 42 recognized subspecies ranging from southern Canada to Bolivia. Our results suggest that long-tailed weasels are divided into distinct genetic clades, with eastern and western groups present in North America, 2 distinct lineages in Mexico and Central America separated by the trans-Mexican volcanic belt, and 1 clade in South America. Unlike other Mustela in North America, long-tailed weasels appear to have originated in the tropical areas of Mexico and Central America prior to dispersing 1st to the south before also expanding north in the Pleistocene.
In the Americas, few mammal species have contemporary ranges that reach extensively into both continents. Rarer still is the taxon that was likely present on both continents prior to the rise of the Panamanian isthmus and had a range subsequently influenced by glacial dynamism in the Pleistocene. However, the long-tailed weasel (Mustela frenata), with its extensive range, may satisfy both conditions. Although endemic to the Western Hemisphere, long-tailed weasel origins are unclear. The oldest fossil evidence supports a temperate northern or Holarctic ancestry (approximately 1.9-1.8 million years ago [mya] ) in California and Kansas, with increased representation in multiple North American deposits of Pleistocene and Holocene age (Alroy 2002; Cassiliano 1999; Graham et al. 1996; Hibbard 1970) . A temperate northern history also is implied by family-level phylogenetic reconstructions demonstrating that the ancestors of weasels in the Americas were likely of Eurasian stock (Koepfli et al. 2008) . However, recent mitochondrial evidence within Mustela, coupled with morphological variation observed between subspecies of M. frenata, proposes a more southern tropical origin. Long-tailed weasels belong to an endemic American lineage, where M. frenata shares a closer affinity to both the tropical (M. africana) and Colombian (M. felipei) weasels than to any other Mustela species residing in the Americas (Harding and Smith 2009 ).
Moreover, comparisons of cranial traits in temperate and tropical long-tailed weasel subspecies suggest that the latter are morphologically primitive to the former (Hall 1951) . The Progression Rule (Hennig 1966) , that is, that primitive physical characteristics are possessed by the most ancient lineages, would thus advocate that tropical long-tailed weasel lineages are older than temperate lineages.
Mustela frenata now inhabits a wide array of habitats and elevations across large portions of the Americas (Sheffield and Thomas 1997; Fig. 1) . Geographic and climatic barriers present over such a broad area have been influential in creating morphological and molecular differences in many other species. For example, deserts of the southwestern United States and cyclic Pleistocene glacial episodes have served to diversify genetic histories in multiple vertebrate groups in northern latitudes (e.g., Hewitt 1996; Koepfli et al. 2007 ; Leaché and Mulcahy 2007; Lessa et al. 2003; Merilä et al. 1997; Sheffield and Thomas 1997; Zamudio and Greene 1997) , whereas the Bolivar trough, or the deep-water trench dividing Central and South America until the completion of the w w w . m a m m a l o g y . o r g Panamanian isthmus, has played a primary role in the diversification of numerous genera and species at southern latitudes (e.g., Bermingham and Martin 1998; Eizirik et al. 2001; Koepfli et al. 2007; Marshall 1988; Nores 2004; Webb 1991) . Thus, one may expect to find that populations of longtailed weasels, if significantly separated throughout their evolutionary history, would show increased physical and genetic divergence across these barriers. Indeed, variation of M. frenata in cranial morphology, facial bridling patterns, and shading of dorsal pelage is extreme, distributed among 42 subspecies showing graded morphological subtleties (Hall 1951) across multiple geographic barriers. Although molecular divergence within long-tailed weasels has remained largely uncharacterized, we expect that genetic structure found in this small carnivore also will reveal the influences of the past geographic and climatic history in the Americas.
Because nuances in morphology are often shown to be poor indicators of true phylogenetic relationships, particularly in mustelids (Dragoo and Honeycutt 1997; Harding and Smith 2009; Koepfli and Wayne 1998 ), they will not be analyzed in M. frenata here. Rather, molecular data have increased power to distinguish distinct lineages, particularly within a species (Elmer et al. 2007; Louis et al. 2008; Masuda and Yoshida 1994) and allow for investigation of genealogy and historical barriers to gene flow that enhance variation within a species. Thus, the objectives of this study are 2-fold; 1st, using mitochondrial DNA (mtDNA), to determine the plausible center of origin and ancestral history of M. frenata in the New World, and 2nd, to correlate past climatic and paleogeographic events with the evolutionary timing of diversification within M. frenata.
MATERIALS AND METHODS
Genetic samples.-Specimens represent collections from many museums throughout North America ( Fig. 1 ; Appendix I) and take in 38 of the 42 currently recognized subspecies (Hall 1951 (Hall , 1981 of M. frenata. Because scant molecular work has been conducted on long-tailed weasels and they are not commercially valuable, few sources for fresh tissues exist, although we did opportunistically harvest tissues from freshly killed (i.e., road-killed or legally trapped) specimens. Where applicable to our collecting, we followed guidelines approved by the American Society of Mammalogists (Sikes et al. 2011) . However, when fresh or frozen tissues were unavailable, we relied on museum specimens as a source of DNA. In sampling from museum skins, we used sterile techniques to remove a small strip of tissue (approximately 3 3 6 mm) from specimens at the ventral incision or other incisions made in the initial preparation of the animal.
We chose to examine 2 mitochondrial genes, cytochrome-b (Cytb) and control region (CR). Although there have been many issues raised regarding the use of mtDNA to estimate phylogenies (e.g., Bazin et al. 2006; Edwards and Beerli 2000; Zink and Barrowclough 2008) , it nonetheless has great advantages for estimating phylogeographic structure, particu- larly when used to track recent evolutionary divergence (Pyron and Burbrink 2009; Zink and Barrowclough 2008) . These 2 genes may also reflect 2 different resolutions in the evolution of M. frenata. As a protein-coding gene, Cytb should presumably have more conservative evolutionary rates and reflect deeper temporal levels than the more rapidly evolving CR. Yet rapid evolution in the CR should be useful for characterizing recent demography and population expansion.
In efforts to minimize contamination of DNA extracted from skin samples, we 1st used a wash-soak cycle to remove external contaminants and rehydrate skins. To this end, we deposited skin samples in sodium chloride-Tris-ethylenediaminetetraacetic acid buffer (Hillis et al. 1996) , mixed each sample by vortexing, and then soaked each at 608C for 10-20 min before mixing the sample again, drawing off the liquid, and replacing it with new sodium chloride-Tris-ethylenediaminetetraacetic acid buffer to repeat the sequence. Samples were washed 3-5 times in this manner before extracting DNA, using commercial QIAGEN DNeasy kits (QIAGEN Inc., Valencia, California) and the protocol for rodent tails. DNA from skin samples was extracted separately from tissue samples, and all extractions were accompanied by negative controls to detect contamination.
Mitochondrial DNA amplification and sequencing of complete Cytb (1,140 base pairs [bp]) or portions thereof followed Harding and Smith (2009) . Additionally, complete CR sequences were obtained from tissues using primer pair L16272-H1008 (Dragoo et al. 2003) , whereas partial sequences from skin samples were acquired for domains I (305 bp) and III (280 bp) using CTRL-L/TDKD (Bidlack and Cook 2001; Kocher et al. 1993 ) and a species-specific primer designed in this study, MFre-CR3 0 (5 0 -CCG TAG CTT CAA AAG TAT G-3 0 ) in combination with H1008, respectively. As an additional precaution to minimize potential contamination, DNA samples derived from skins were prepared for amplification and sequencing separately from tissues under a designated clean hood treated with ultraviolet radiation. Numerous studies indicate that the American mink (Mustela vison, GenBank accession GQ153577) represents a sister taxon to M. frenata (Dragoo and Honeycutt 1997; Koepfli et al. 2008; Koepfli and Wayne 2003) , and recent work on 2 Mustela species endemic to South America (M. africana and M. felipei, GenBank GQ153570 and 153571, respectively) suggests a closer relationship to M. frenata, so all 3 species were included in the outgroup (Harding and Smith 2009) . New Cytb and CR sequences can be found with GenBank accessions JQ316780-316848 and JQ316849-316962, respectively; 2 additional Cytb sequences for specimens of M. frenata also were included (NK 122149 and TTU 44951, GenBank GQ 153578 and 153579, respectively We employed a general time reversible model (GTR) to Cytb and the Hasegawa-Kishino-Yano model (HKY-Hasegawa et al. 1985) to CR; both genes had a proportion of invariant sites (þI) and gamma distributed rate heterogeneity (þG). We applied a mixed partition model (GTRþIþG for Cytb and HKYþIþG for CR) to the combined matrix and model parameters were allowed to vary independently. CR sequences included 1 insertion-deletion event (indel) varying in length from 4 to 6 nucleotides in domain I; because we could not be sure of its consistency in sequencing properly, we omitted this indel from all analyses.
For all Bayesian analyses, 4 independent and simultaneous runs with 4 consecutive Markov chain Monte Carlo simulations proceeded for 10 7 generations each, with random starting trees for each chain (and default temperature scaling factors), and tree sampling every 1,000 generations, resulting in 4 samples, each with 10,000 trees. Trees generated prior to convergence were excluded for each run, and a 50% consensus topology with posterior probabilities was constructed using the remaining trees. Three independent runs in GARLI 0.96 or 0.97 (for partitioned data) on Cytb, CR, and a mixed DNA model with both sequence data sets each continued for 10 7 generations. The resulting trees across data sets were compared for congruity, and the best tree from the combined sequence data was selected using the lowest log-likelihood scores in GARLI and used with that data set to complete 100 bootstrap replicates. For all phylogenetic analyses, only unique mtDNA sequences were included for comparisons, with the caveat that some overlap occurred between parts of the sequences included in the combined matrix. For example, some individuals shared Cytb haplotypes, but differed in CR haplotypes.
Second, to examine intraspecific relationships among longtailed weasel mtDNA sequences, we generated haplotype networks. We used all Cytb sequences (1,140 bp), as well as all CR sequences for animals that had sequence information for both domains I and III (585 bp). In these analyses, haplotypes signify nodes of a network rather than the terminal tips of a tree (Röhl et al. 2007) , and the size of each node represents the number of individuals sharing a particular haplotype. Minimum spanning trees calculated in Arlequin 3.1 (Schneider et al. 2001) were visualized in HapStar version 0.5 (Teacher and Griffiths 2011) . Minimum spanning trees are useful for simplifying complex haplotype networks because they depict 1 possible minimum spanning tree, rather than all potential trees (Teacher and Griffiths 2011) . Additionally, we plotted pairwise genetic differences among haplotypes and phylogroups for both CR and Cytb genes using principal coordinate analysis in GenAleX 6.4 software (Peakall and Smouse 2006) . Principal coordinate analysis plots the major patterns in a genetic data set such that when there are distinct groups, the first 2 or 3 axes of variation will typically reveal most of the separation between them (Peakall and Smouse 2006) . We applied the method based on the covariance matrix with data standardization.
Presence of barriers.-To test specific predictions (e.g., glaciations and geographic features) within phylogenetic structure that formed barriers and segregated long-tailed weasel populations, we analyzed CR sequences in an analysis of molecular variance (AMOVA) in Arlequin 3.1 (Schneider et al. 2001 ) because sample sizes in CR were more robust across long-tailed weasel populations. Several group arrangements following phylogenetic, morphological, or geographic distinctions (e.g., Fig. 1 depicts geographic boundaries used) were tested in an effort to maximize the among-group variance component (U CT ) that would reflect the most probable genetic partitioning within the species (Excoffier et al. 1992) .
Molecular groups in AMOVA segregated across geographic regions ( Fig. 1 ) reflecting biogeographical barriers, such as large rivers, mountain ranges, and Pleistocene ice coverage. Additionally, the molecular groups separated along observed lines in phenotypic patterns in winter molt and facial bridling.
Given these divisions, we tested for the effects of glaciations by dividing animals in North America into groups north and south of the 40th parallel, corresponding roughly to estimated maximal glaciations that occurred in the Kansan glacial episode (approximately 0.48-0.23 mya), when ice is presumed to have reached as far south as Douglas County, Kansas (Merriam 2003) . To test along phenotypic breaks, we compared specimens from several museum collections (e.g., at similar localities, within designated subspecies) to segregate phenotypic groups of masked animals (white fur typically covering 30-100% of the facial area) and unmasked individuals (,30% to no white or only random white hairs on the face). For molting patterns, we again examined weasel skins at several museums and used the most common pattern (i.e., molt or no molt) observed in animals collected from October to April within designated subspecies. This allowed us to categorize specimens represented by mtDNA here that were not in winter pelage, particularly within subspecies whose ranges fell along the 40th parallel, where either molt form may exist (Hall 1951) .
We used the CR data to reconstruct the historical demography and patterns of colonization within M. frenata. To test whether or not there were significant historical barriers to gene flow between genetic clades or groups designated using geographic or climatic barriers, pairwise comparisons of group F ST values were estimated using 10,000 permutations in Arlequin 3.1 (Schneider et al. 2001) . We also approximated descriptive parameters of molecular diversity (primarily nucleotide diversity [p] and haplotype diversity [h]) and genetic structure in both mitochondrial genes in DnaSP 4.0 (Rozas et al. 2003) . Neutrality tests, such as Tajima's D (Tajima 1989 ), Fu's F S (Fu 1997 (Fu 1997; Ramos-Onsins and Rozas 2002) . Thus, we focused primarily on Fu's F S and R 2 to look at demographic history of the longtailed weasel and test for sudden changes in effective population size. Two additional tests, F* and D* of Fu and Li (1993) , also can help to distinguish between similar signals produced by population expansion and background selection or genetic hitchhiking; if F S is significant while F* and D* are not, population growth or range expansion is indicated (Fu 1997) . When the opposite is true, background selection is more likely creating the signal (Fu 1997; Russell et al. 2005) . We used DnaSP 4.0 (Rozas et al. 2003) to calculate values for Tajima's D, Fu's F S , R 2 , and neutrality tests of Fu and Li (1993) of the phylogenetic clades.
Demographic history was examined further using the mismatch distribution in Arlequin 3.1 (Rogers and Harpending 1992; Schneider et al. 2001 ). This method compares observed frequency distributions of pairwise nucleotide differences among mtDNA haplotypes with those expected under a model of population expansion to reveal signals for sudden demographic change. Nonsignificant P-values on the associated raggedness index (Excoffier 2004; Rogers and Harpending 1992 ) support a null hypothesis of population expansion, whereas significant values signify a ''ragged'' distribution when populations have been stable for relatively long periods of time, are subdivided, or are declining slowly (Lopes et al. 2006; Recuero et al. 2006; Slatkin and Hudson 1991) . We only generated mismatch distributions for the CR data set because it contained the largest number of individuals for testing the parameters of population expansion and it was not limited by small sample sizes in any given clade.
Estimated divergence among lineages.-To estimate divergence times among lineages in a phylogeny, a strict molecular clock model with a constant rate of evolution is frequently used Pauling 1962, 1965 ), yet failure to account for different rates of evolution among lineages can produce rather misleading divergence time estimates (Ayala 1997; Yoder and Yang 2000) . Results from a likelihood ratio test (Felsenstein 1981) In the absence of rate homogeneity, relaxed molecular clock models that allow for varying rates are appropriate alternative methods for estimating divergence dates (Drummond et al. 2006; Drummond and Rambaut 2007) . We applied relaxed phylogenetic algorithms in BEAST version 1.5.4 (Drummond et al. 2006 ) to model Cytb data for M. frenata. We included 2 sister outgroup taxa (M. felipei and M. africana) and set coalescent priors rather than a Yule tree to estimate divergence dates. Although adding nonconspecific outgroup taxa to the model may violate assumptions of the coalescent priors we used, this method is more conservative than the alternative to include multiple outgroups and use only 1 individual from each lineage of M. frenata to estimate divergence dates on mitochondrial data (Pyron and Burbrink 2009) . Including the 2 South American weasel species also allowed us to place a prior estimate on the entry of weasels into the southern continent.
We assumed 2 models for DNA substitution with 4 gamma categories and applied an uncorrelated lognormal relaxed molecular clock to estimate substitution rates on all nodes in the tree. We ran 2 different relaxed-clock models to test congruity of divergence estimates on Cytb data. Model parameters included a GTRþIþG with 4 gamma categories, a coalescent constant size tree prior, a lognormal fossil age prior for the western North American clade, and a normal prior on the South American Mustela (see below); and an HKYþG with 4 gamma categories, 2 codon partitions ((1þ2),3), a coalescent constant-size tree prior, a lognormal fossil age prior for the western North American clade, and a normal prior on the South American Mustela. This 2nd model represents the SRD06 model found in BEAST version 1.5.4 and is said to provide a better fit for protein-coding nucleotide data .
We set 2 priors on nodes in the divergence estimates. The 1st prior utilized the oldest confirmed fossils of M. frenata, discovered in western North America, dating to approximately 1.9 mya (Alroy 2002; Cassiliano 1999; Hibbard 1970) . We used this age to calibrate separation time for the western North American clade as a lognormal prior, because it more appropriately depicts the uncertainty distributed around a fossil date (BEAST setting ¼ 0.642, SD ¼ 0.25 [Drummond et al. 2006; Ho 2007; Leaché and Mulcahy 2007] ). The 2nd prior was set to reflect geological estimates of the completion of the Isthmus of Panama, (BEAST setting, normal distribution ¼ 3.0 mya, SD ¼ 0.5 mya) when M. africana, M. felipei, and possibly even M. frenata gained access to the southern continent. We ran 3 different sets of analyses, with and without molecular sequence data, to examine whether selected priors were unduly influencing posterior distributions of the nodes of interest. Based on our phylogenetic analyses, we assumed all M. frenata to be a monophyletic group and we held the 2 South American species to be monophyletic as well (Harding and Smith 2009) .
For each set of parameters, we ran 3 different Markov chain Monte Carlo analyses for 10 7 generations, logging every 1,000 steps to compare the consistency of node age estimates within the phylogeny. We then used Tracer version 1.5 (Rambaut and Drummond 2007b) and LogCombiner version 1.5.4 (Rambaut and Drummond 2007a ) to combine runs, measure the effective sample size of each parameter, and to calculate the mean and 95% highest posterior density interval for estimated divergence times.
RESULTS
Phylogenetic analyses of mtDNA.-Intraspecific variation among genetic sequences of M. frenata revealed that individuals across the geographic range were closely related. Molecular differences, using uncorrected p distances in PAUP* (Swofford 2000) , among Cytb sequences were no greater than 2.0%, and variation among CR samples was no more than 5.5%. The high level of similarity among sampled individuals also was reflected in the number of haplotypes recovered that only differed by 1 or 2 bases. A total of 68 individuals sampled for Cytb revealed 53 unique haplotypes, whereas 114 animals sampled for CR sequences produced 80 unique haplotypes (Table 1) , and the combined matrix (Cytb þ CR) included 65 unique sequences, consisting of unique Cytb and CR sequences per individual or 1 shared and 1 unique genetic sequence per individual. Both genes were dominated by a few widespread haplotypes within geographic regions. Because DNA extracted from museum skin samples formed a large portion of our sequence data, we took precautions to minimize the possibility of amplifying nuclear DNA in either mitochondrial gene. To that end, we examined sequences for mutational stop codons (e.g., by transcribing Cytb sequences), frameshift mutations, double peaks, or random indels (e.g., in either Cytb or CR sequences). Suspected nuclear sequences were omitted from any additional analyses. However, a majority of sequences lacked any of these features and we thus considered them to represent functional gene sequences, not nuclear copies.
Phylogenetic analyses consistently clustered specimens of M. frenata into distinct groups (Figs. 1-3) . Although CR phylogenies segregated animals into 5 geographic clades, they failed to reveal any deeper historical structure. However, Cytb and the combined Cytb þ CR data provided greater temporal phylogenetic inference (Fig. 2) . Bayes and likelihood analyses in both sequence sets produced trees largely identical in topology and differed from BEAST analysis of Cytb in the monophyly of the basal sequences containing long-tailed weasels from northcentral Mexico (NCM). Specimens from NCM encompassed Mexico south to the trans-Mexican volcanic belt (Fig. 1) and formed a monophyletic clade in CR phylogenies (Fig. 3) , with the NCM clade either ancestral to 2 more southern subclades or distinct from all other clades. All phylogenetic trees depicted subsequent branching events that divided animals in temperate North America from phylogroups in Central and South America. The temperate North American branch contained 2 distinct subclades in eastern North America (ENA) and western North America (WNA) that appear to be separated roughly along the Mississippi River drainage. Two regional clades also appeared in the southern branch of the tree. One of these included animals from southern Mexico and Central America (SMCA: Mexico south of the volcanic belt and all of Central America except Panama), and the other contained animals sampled from Panama and South America (SA: Panama þ Colombia to Bolivia).
Minimum spanning networks depicting intraspecific structure of M. frenata in the CR reflected the structure present in the phylogeny (Fig. 3) , with a strong starlike pattern particularly evident in WNA, characterized by a few dominant haplotypes accompanied by several unique, yet closely related, haplotypes. The first 2 coordinates of principal coordinate analysis (Fig. 4; Peakall and Smouse 2006) accounted for 61.12% and 65.71% of the total variation found, respectively, in Cytb haplotypes and clades and approximately 68.82% and 84.18% of the total variability in CR haplotypes and clades. These axes also clustered both Cytb and CR haplotypes into the same 5 distinct geographic clades and suggested greater genetic distances within and between the southern clades (NCM, SMCA, and SA) than in the northern clades (WNA and ENA).
Historical demography.-Historical range expansion was reflected in the diversity indexes (Table 1) . Across all weasel phylogroups, a general pattern of high haplotype diversity (h) and low nucleotide diversity (p) implies recent population growth (Milá et al. 2000; Russell et al. 2005 ). Fu's (1997) F S and R 2 (Ramos-Onsins and Rozas 2002) also reflected the pattern of rapid demographic increase in many clades, and most strongly across northwestern North America (Table 1) ; however, for those clades without strongly significant F S values, the possibility remains that larger sample sizes might produce a stronger signal for expansion. Tajima's D (Tajima 1989 ) and the F* and D* statistics of Fu and Li (1993) were negative and nonsignificant in all clades (Table 1) , supporting expansion and suggesting that demographic factors, rather than balancing selection, were maintaining nucleotide diversity (Moeller and Tiffin 2005; Russell et al. 2005) . Additionally, mismatch analyses performed on the CR data suggested recent expansion in northern groups, whereas significant P-values observed on southern lineages indicated more demographic stability (Table 1) .
Long-tailed weasels at northern latitudes have been impacted historically by glacial patterns, as reflected in mtDNA. Splitting glacially influenced groups to reflect genetic structure yielded the highest significant values (U CT ¼ 0.6073, in AMOVA; Table 2 ). However, segregating genetic groups with respect to glaciations across the Americas resulted in a comparable value for U CT (0.5836) with more-significant Pvalues. Moreover, significant population pairwise F ST values between all groups except Cytb in ENA and NCM signify the presence of strong barriers to gene flow between groups (Appendix II).
Divergence estimates.-Estimated dates of divergence between genetic clades of M. frenata suggested that most separation of lineages occurred from the late Pliocene into the Pleistocene (Fig. 2) . Divergence ages from the 2 different molecular models were relatively consistent. Relaxed phylogenetic estimates within long-tailed weasel clades proposed that mitochondrial lineages now present in NCM diverged from all other clades in the mid-Pliocene, whereas separation of the northern (WNA and ENA) and southern (SMCA and SA) lineages, as well as the 2 South American Mustela, took place in the late Pliocene. The timing of separation in ENA and WNA lineages was contemporaneous with the split between SA and SMCA, and both occurred in the early Pleistocene. Genetic distinction appears to be most recent in ENA and SMCA. However, 95% confidence intervals around several of the mean age estimates are wide, suggesting that dates of divergence may be overestimated and should be interpreted cautiously because they may reflect ages of ancestral alleles, because gene divergence almost always FIG. 3.-Genetic patterns in control region sequences of long-tailed weasels (Mustela frenata). A) Phylograms were constructed with HKYþIþG model of evolution (Bayesian, left; BEAST, right) and depict 5 primary clades. * ¼ 1.0 posterior probability, þ indicates Universidad Nacional Autonoma de Mexico, Facultad de Ciencias (IBUNAM) specimen 5718 from Oaxaca, Mexico. B) Control region haplotype network also separated 5 genetic clusters. Solid gray circle branching from NCM is IBUNAM 5718, which clusters phylogenetically with the SMCA clade. C) Mismatch analyses of control region sequences among the 5 clades suggests a strong signal of recent demographic expansion primarily in North America (e.g., WNA and ENA), whereas southern clades (e.g., SMCA and SA) appear more ragged and suggest more population stability. CI ¼ confidence intervals. Clade acronyms are defined in Fig. 1. predates population divergence due to random sampling by descendent populations of ancestral polymorphisms (Edwards and Beerli 2000; Hurt et al. 2009 ).
DISCUSSION
Origins in tropical North America.-Mitochondrial evidence suggests that long-tailed weasels have their roots in the tropical realms of Mexico. Although the oldest fossils attributed to M. frenata imply that its origins lie in temperate latitudes of North America, examination of our data advocates for a southern tropical ancestry and substantiates predictions from cranial morphology that suggested long-tailed weasels in the state of Veracruz, Mexico, and M. frenata tropicalis in particular, were the most primitive subspecies of M. frenata (Hall 1951; Hennig 1966) . Specimens of M. f. tropicalis cluster with other subspecies of the region (M. f. frenata, M. f. leucoparia, and M. f. perotae) in the CR topology (Fig. 3) , and 2 samples of M. f. frenata are basal to all other sequences in our Cytb and combined phylogenies (Fig. 2) , thus proposing, as does the morphology, that M. f. tropicalis and its nearest mitochondrial relatives represent the most ancient lineage within the species. Divergence estimates evoke a Pliocene occupation of this region (Fig. 2) , and fossil indications confirm that habitats in central Mexico during the Pliocene were indeed conducive to weasels, being effectively warm, humid, and dominated by savanna (Miller and CarranzaCastañeda 1984) .
Two additional pieces of evidence corroborate a tropical ancestry. First, higher branching structure and longer terminal branches (Fig. 2) of the southern clades imply that long-tailed weasels have had a greater period of evolution and segregation in the southern limits of their range. However, this observation comes with the caveat that longer branch lengths also may result from fewer samples being examined from these clades, because our efforts to amplify Cytb for additional specimens failed. Secondary support for a tropical origin comes from recent phylogenetic structuring within the genus Mustela. Long-tailed weasels share a closer affinity to both Neotropical Mustela species (M. africana and M. felipei) than to any other weasel species residing in the Americas (Harding and Smith 2009) . That these 3 weasels recently shared a common ancestor in tropical America thus seems likely.
Expanding horizons.-With the earliest lineages 1st established in tropical North America, long-tailed weasels were thus primed for expansion into both American continents. Divergence ages suggest contemporaneous expansion in both directions, although migration very far north was potentially constrained by continental glaciers and arid expanses south of the ice sheets. Favorable climates were more abundant in the south, and mismatch analyses suggest a longer genetic stability of long-tailed weasel lineages in southern versus northern climes (Fig. 3) , so it is likely that long-tailed weasels radiated primarily into tropical Central America. Yet, here too, weasels faced significant geological barriers. The trans-Mexican volcanic belt would have strongly limited long-tailed weasel movements, because volcanic eruptions in the highlands along the western edge of Mexico might have obstructed direct passage south and routes along all but the far eastern coast of Mexico were likely curtailed until volcanism quieted 2.5 mya (Becerra 2005; Corona et al. 2007 ). Yet it is plausible that weasels moving south channeled their movements primarily along the eastern coastlines and lowlands before reaching the heart of Central America, where orogenic processes stimulated divergence. For example, active uplift over the past 5 million years in the Talamancan highlands of Costa Rica is reflected in deep phylogeographic splits in other terrestrial vertebrates (Grafe et al. 2002; Zamudio and Greene 1997) , particularly along the modern border separating Costa Rica and Panama, where the mountains most closely approach the Caribbean Sea (Wang et al. 2008 ). This ''Bocas Break'' (Crawford et al. 2007 ;
FIG. 4.-Principal coordinate analyses (PCoAs) on mitochondrial haplotypes and phylogroups of long-tailed weasels. Shaded symbols in insets represent the same groups in larger figures. In addition, control region (CR) haplotypes separate northern haplotypes, marked by black squares or circles, and southern haplotypes, drawn with white squares or circles. A) PCoA for cytochrome-b (Cytb) haplotypes, with inset of phylogroups. The first 2 axes explained 65.71% of total variation in Cytb haplotypes and 61.12% in Cytb clades. B) PCoA for CR haplotypes, with inset of phylogroups. The first 2 axes explained 68.82% and 84.18% of the total variation in CR haplotypes and clades, respectively. Wang et al. 2008 ) also is implicated in the phylogeographic history of long-tailed weasels, because the 2 southern clades diverge along this same line (Figs. 2 and 3) .
If indeed long-tailed weasels were migrating southward, coalescing volcanic islands forming a land bridge to South America would have provided access to the southern continent. Whether long-tailed weasels arrived in South America prior to the appearance of a land bridge 3.5 mya (Coates and Obando 1996; Gussone et al. 2004; Haug et al. 2001; McFadden et al. 2007 ) is debatable, because mtDNA estimates for the presence of M. frenata in South America coincide with, or are younger than, the rise of the Panamanian isthmus in the late Pliocene (Fig. 2) . As the distinction of a South American clade suggests, the Bolivar trench (i.e., the seaway between a growing northern archipelago and South America) and the subsequent formation of the Panamanian isthmus impacted migratory movements and genetic diversification within long-tailed weasels (Figs. 1 and  3 ). Other mammalian groups show deep molecular divergence across the Bolivar trench in the Pliocene of Central America (Da Silva and Patton 1998; Hewitt 1996 Hewitt , 2000 Koepfli et al. 2007) , and several generic carnivore distributions span the gap between North and South America, via the land bridge (Conepatus, Felis, Panthera, and Lontra-Hall 1981) . Such mutual patterns of segregation between independent lineages suggest that common environmental processes have heavily influenced the differentiation of multiple species (Delsuc et al. 2004; Koepfli et al. 2007; Zamudio and Greene 1997) .
Pushing northward.-Glacial advance and abatement has surely influenced migration northward for M. frenata. That weasel movements to northern latitudes were impacted by extensive ice and occurred primarily with the ebb of glaciation (Fig. 2) is substantiated by corresponding climatic conditions predicted by marine isotope stages (Crowhurst 2002; Gibbard and Cohen 2008 (Webb 1977 (Webb , 1978 . In glacial episodes, perhaps long-tailed weasels living in northern Mexico faced a growing (Fig. 1) . Historically, deserts have presented an obstacle to animals adapted to more mesic conditions (Devitt 2006; Jaeger et al. 2005; Leaché and Mulcahy 2007; Riddle and Hafner 2006) , and, certainly, the current distribution of long-tailed weasels suggests that the driest parts of North America are not suitable habitat (Hall 1951; Sheffield and Thomas 1997) . Thus, if deserts were barriers to dispersal, immigration across them may only have been possible when climates were warmer and pockets of mesic savanna woodland existed (Webb 1977 (Webb , 1978 . Fossil evidence suggests that long-tailed weasels reached temperate North America by the early Pleistocene (Alroy 2002; Cassiliano 1999; Hibbard 1970) . If increasingly arid habitats made dispersal difficult to the west, a northern route might have been along the Gulf of Mexico and up into the southern and central portions of temperate North America (Fig. 1) . It is plausible that M. frenata followed prey species that radiated northward from Mexico through savannah and grassland habitats along expanded coastal plains during glacial episodes (Webb 1974) . The presence of Capromeryx, an extinct diminutive antelope, from sites throughout Florida (Webb 1974) suggests that there were suitable grassland habitats for primary weasel prey (i.e., voles [Microtus] and ground squirrels [Spermophilus]-Sheffield and Thomas 1997), many of which did not appear in North America until the early Pleistocene as well (Alroy 2002; Graham et al. 1996; Marshall 1988; Simpson 1928; Webb 1974) . Presumably, the streamlined, tubelike shape of the weasel increased its success at capturing voles and fossorial rodents, such as pocket gophers (Thomomys), which also became more widespread in American grasslands and meadows in the early Pleistocene (Alroy 2002; Graham et al. 1996) . Thus, long-tailed weasels likely found suitable habitats and prey species in the Gulf Coastal expanses and even parts of the American Southwest that allowed them to persist and move out across the higher latitudes of coastal California, Arizona, Texas, the Plains country, and into eastern North America.
Alternatively, weasels might have entered temperate biomes from northern landscapes of the Caribbean (e.g., the Campeche Bank). During Pleistocene glacial episodes, the Caribbean Sea was greatly contracted compared to present levels (Fig. 1) . Extensive glaciation led to reductions in sea levels, creating broad, exposed coastal plains that brought the Florida peninsula into close proximity with the Caribbean coast of Mexico and Yucatan, which broadened to include the Campeche Bank (Webb 1974) . Estimates suggest that sea levels fell 125-200 m below current levels at maximum ice extent, effectively doubling the amount of land area available on the peninsula of Florida (Avise 1992; Marshall 1988; Webb 1974) . Thus, the land distance from southern Florida to the Yucatan decreased considerably (from 3,600 km to 2,400 km -Webb 1974) . Weasels are strong swimmers (Sheffield and Thomas 1997) , and could have arrived via rafting to the Florida peninsula 1 million or more years ago (Hulbert and Morgan 1989) or by island hopping over terrain now flooded with a larger Caribbean waterscape.
Fossil evidence from a number of extinct vertebrates suggests similar modes of immigration to temperate North America (Briggs 1987; Cadle 1985; Vidal et al. 2000; Webb 1974) . Several extinct Neotropical species whose fossil deposits are found extensively in coastal Florida include the earliest deposits of Eremotherium, the giant ground sloth, and the armadillo-like Holmesina (Alroy 2002) . The large, extinct phorarachoid bird of South American origin, Titanis, migrated north to eastern Texas prior to completion of the Isthmus of Panama (McFadden et al. 2007) , and, although flightless, may have arrived there and into Florida sites in the Pliocene by island hopping through Central America or the Caribbean (McFadden et al. 2007 ). Additionally, the modern and historical distributions of many other animals also reflect the strong Neotropical ties that the Florida peninsula shared with endemic mammals of Central and South America. Among these are margays and ocelots (Leopardus), jaguars (Panthera), jaguarundis (Puma), spectacled bears (Tremarctos), and hognosed skunks (Conepatus-Morgan and Emslie 2010).
Upon arrival in temperate North America, long-tailed weasel haplotypes diverged primarily along the Mississippi River drainage (Fig. 1) . Many small mammals and other vertebrates, as well as plants, show major phylogeographic breaks along the Mississippi River and north through the Great Lakes (see Pyron and Burbrink [2009] and references therein). Because we were unable to amplify DNA for specimens sampled from many of the midwestern states in North America, we do not know the extent of overlap along the Mississippi River drainage between the WNA and ENA clades. However, 1 potential apex of intergradation or secondary contact likely lies in eastern Texas, where haplotypes clustering with ENA come into geographic proximity with WNA haplotypes. Further sampling in central North America, including areas north of the Great Lakes, would elucidate these relationships. Additionally, haplotypes within ENA appear to be less differentiated than those in WNA. This may simply be an effect of sampling bias. Or it may be that western North America held more glacial refugia during the Pleistocene, with each containing a unique subset of the regional morphological and genetic variation. For example, morphological distinction, particularly along the west coast of North America, divides a multitude of subspecies. By contrast, the whole of eastern North America (east of the Mississippi River) encompasses only 5 designated subspecies (Hall 1951; Sheffield and Thomas 1997) .
A manifest destiny?-Long-tailed weasels from temperate North America show a strong response to Pleistocene glaciation. For example, CR haplotype groups reflect glacial patterns by partitioning WNA and ENA along the 40th parallel (as north-south divisions of WNA and ENA in Fig. 1 and Table 2 ). This same parallel approximates a ''snow line'' that separates animals that molt to white winter pelage from those that do not (Hall 1951) . In North America, glacial ice contracted species' ranges to the lower latitudes (Graham et al. 1996) , and divergence time estimates for M. frenata indicate that mitochondrial lineage separations likely occurred during interglacial periods that followed ice retraction in North America (Fig. 2) .
The evolutionary radiation of weasels in the Americas is ongoing as northern populations respond to post-Pleistocene changes on the landscape. Evidence supporting this assumption arises from both molecular and morphological data. First, a lack of structuring between haplotypes in WNA and ENA, as well as very short branch lengths in the Cytb þ CR phylogenetic tree and starlike pattern in the CR haplotype network argues for recent expansion to the north, particularly in western North America. Second, this pattern concurs with observations from morphological comparisons that proposed northern races were the most morphologically derived (Hall 1951) of all lineages within the species.
As seen at high latitudes across much of the Northern Hemisphere, mammals (e.g., Hewitt 2000; Lessa et al. 2003) and birds (e.g., MacGillivray's warbler [Oporornis tolmiei]- Milá et al. 2000) that were primed to colonize habitats recently voided of Pleistocene ice bear the ''genetic footprints'' of a history of rapid expansion (Lessa et al. 2003) . Despite a range spanning approximately 808 latitude, expansion signals in populations of M. frenata of the northwestern provinces of North America are very robust (Table 1; Fig. 3 ). That this species shares a concordant pattern of recent population growth and range expansion with other mammals of diverse size and life history, such as the dusky shrew (Sorex monticolus) and black bear (Ursus americanus), suggests a common demographic history at northern latitudes (Lessa et al. 2003) . Such an analogous pattern demonstrates not only the comparable effects of Pleistocene events to the shaping of current genetic structure and diversity in many species, but also may indicate that ongoing changes to environmental conditions will continue to favor northward dispersal of long-tailed weasels.
RESUMEN
La comadreja de cola larga (Mustela frenata) tiene la distribución más amplia entre todos los mustélidos del hemisferio occidental. Sin embargo, poco se conoce acerca de su historial genético. Dada su amplia distribución geográfica, la especie es un excelente modelo para identificar posibles barreras que influyen en patrones filogeográficos compartidos entre varios taxones. Usamos ADN mitocondrial con técnicas moleculares de datación, filogenia, y filogeografía para investigar la estructura molecular y geográfica así como la historia demográfica de M. frenata. Las muestras incluyen 38 de las 42 subespecies reconocidas desde el sur de Canadá hasta Bolivia. Nuestros resultados sugieren que comadrejas de cola larga se dividen en distintos clados, con grupos orientales y occidentales presentes en América del Norte y dos linajes distintos en México y Centroamérica, separados por el eje transvolcánico mexicano, y finalmente, un clado en América del Sur. A diferencia de otros mustélidos de América del Norte, las comadrejas de cola larga parecen haberse originado en las áreas tropicales de México y América Central previa a dispersioen hacia el sur y luego hacia el norte durante el Pleistoceno. acronyms are defined in Fig. 1 
